In this study, Silk Fibroin (SF)/Polycaprolactone (PCL) composite nanofiber mats were fabricated using an electrostatic spinning technology employing different drum rotation speeds. The morphology and tensile performance of the resulting nanofiber mats were characterized using thermal field emission scanning electron microscopy, multi-layer image fusion technology, pore size distribution analysis and uniaxial and biaxial tensile tests. The analytical results showed that the drum rotation speed had little effect on the diameter of the nanofibers, but it did effect the physical orientation of the nanofibers. When the drum rotating speed was lower than 2.38 m s −1 , the nanofibers were randomly distributed, and there was no obvious mechanical anisotropy in the fiber mats. However, when the rotation speed was as high as 11.88 m s −1 , the nanofibers were fully uniaxially oriented, which provided high mechanical anisotropy to the fiber mats. The distribution of the size of the aperture of the nanofiber mats was related to the distribution in the fiber orientation. If the degree of orientation of the fibrous layer was high, the variation in the individual fibers was low and the pore diameter of fibrous mats was smaller as a result of the centralized fiber distribution. In the case of the SF/PCL composite nanofiber mats fabricated with different drum rotation speeds, the variation in the mechanical performance of the resulting mat in biaxial tension was consistent with its performance in uniaxial tension; however, it was found that the fracture mechanism of fiber mats varied in biaxial tension and uniaxial tension.
INTRODUCTION
Nanofiber membranes are characterized by high porosity, and large specific surface area which afford specific properties. In recent years, researchers have reported the prospect of applying nanofiber membranes into such areas as reinforced composites, biomedical application, filtering separation and electronic devices [1] [2] [3] [4] [5] . The electrospinning technique is regarded as a simple and effective way to prepare nanofibers [6, 7] . In electrospinning, which is an electrostatic fiber fabricating technique, a charged jet flow is first produced by the polymers in high-voltage static electricity; the charged jet flow is then stretched thinner in the static electric field. The associated solvent is then evaporated and the jet flow solidifies, which finally results in the formation of a nanofiber network on the receiver. For common tablet receivers, the fibers in the nanofiber network are distributed in a disordered arrangement, and the irregular structure and the resulting low mechanical performance significantly limits the application of these nanofiber mats [8] [9] [10] . In order to prepare nanofiber mats with mechanical performance conforming to the application requirements, various receiving devices for the electrostatic spinning method have been designed by several researchers [11] [12] [13] . Compared to these receiving devices, high-speed rotating drums provide simpler and a more effective approach to produce nanofiber mats with the required orientation distribution and mechanical performance [14] .
Exhibiting good mechanical strength and possessing abundant basic amino acids, SF has been widely used in tissue regeneration engineering as a bioactive dispersed phase in complex biological systems. Electrospun SF scaffolds provide large surface area, high porosity, and interconnection for cell adhesion and proliferation so they are promising candidates for tissue engineering applications. However, pure SF has a high elastic http://www.jeffjournal.org Volume 12, Issue 3 -2017 strength but the breakage at elongation is only 4-16% with poor flexibility that cannot meet the requirements for some biomedical applications [15] . PCL has high mechanical strength, good flexibility, good biological safety, and desirable biodegradability, thus it can be used as a safe chemical material in the human body [16] . Therefore, modification of SF scaffolds using biodegradable polymers with high mechanical strength such as PCL could produce improved mechanical strength in the resulting composite. SF/PCL composite nanofiber mats offer significant improvements in cell adhesion and proliferation when they are used as tissue engineering scaffolds. Moreover, they can also provide the needed mechanical strength and toughness for the cell adhesion, growth, migration, and deposition of extracellular matrix. It has been reported that oriented electrospinning nanofiber scaffolds support the proliferation of adult stem cells in vivo applications and can increase the directed migration of early stage cells [17, 18] . Therefore, an investigation of the mechanical performance of SF/PCL composite nanofiber mats is of important practical significance for a wide range of applications in tissue engineering.
It is well known that fiber orientation distribution (FOD) is an important factor in providing geometric structure anisotropy and mechanical anisotropy in fiber mats [19] . Therefore, accurate measurement of the FOD in SF/PCL nanofiber mats is the key to designing and controlling the mechanical performance of the resulting fiber mats. Since the 1990s, some computer image analyses technologies such as boundary transformation [20] , Hough transform [21] , and tomography [22] have been successfully applied to the measurement of the FOD. However, all of these techniques have some associated problems-first, the measured values are clear and distinct only at the fiber boundaries, secondly, the measured values are relatively accurate only when the fiber network has fewer layers, and finally the cost of measurement is relatively high [23] . Multi-layer image fusion technology can acquire the microscopic images of materials by using a microscope image testing system that includes automatic focusing [24] . This system can collect a series of images in different layers that cover the depth of the target along with automatic focusing, and then conduct fiber edge image processing and refining on the collected image information of the materials. Furthermore, it can automatically calculate the orientation of the fiber networks within 1-180 degree based on a curvilinear integral algorithm. Finally, the original data of orientation distribution and the distribution curve can be obtained. Related research has shown that the image fusion technology can accurately measure the FOD of fiber networks [25] .
Nanofiber alignment is the main factor that determines variations in the mechanical properties of nanofiber mats. McClure, et al. [26] successfully prepared nanofiber blood vessel scaffolds with different orientations using electrospinning by selecting a shaft as the receiving device with speed settings of 8.33 r s -1 and 133.33 r/s. Using these conditions, the relationship between the orientation of the fibers and the resulting mechanical properties of the scaffolds was analyzed by uniaxial tension. The results showed that an increase in fiber orientation caused an increase in the moduli of PCL and SF/PG (mass ratio 50/50) from 4.2 MPa, 1.9 MPa to 5.0 MPa, 2.3 MPa. In addition, it was found that the tensile failure stresses of the scaffolds increased from 2.6 MPa, 0.9 MPa to 5.2 MPa, 1.7 MPa. Eugene, et al. [27] analyzed the relationship between the orientation of PGA and the tensile strength of PGA fiber mats, and found that there was a discernible functional connection between them. Yuan, et al. [8] studied the mechanical relationship between fiber orientation and the fiber scaffold using SF/PCL materials. These authors' results revealed that 91% of the oriented fibers in the electrospun fiber scaffold were distributed in the range of ±10 degrees and the fiber scaffold exhibited significant anisotropy with a high axial tensile modulus. Corinne, et al. [28] established an efficient device for the preparation of oriented SF nanofibers by electrospinning. By controlling the speed of disks, oriented fiber mats were obtained. SEM analysis of the oriented mats revealed that the regularity of fiber alignment was improved by an increase of the disk speed, but an excessive speed would lead to fiber fracture. Therefore, these authors selected 10 m s -1 as the optimum disk speed.
To date, many researchers have investigated the mechanical tensile performance of SF/PCL nanofiber mats [29, 30] ; however, most of these studies have focused only on the uniaxial tension performance It is well known that in actual applications, most materials suffer two-dimensional planar stress and the uniaxial force analysis cannot accurately reflect the actual stressed state of most http://www.jeffjournal.org Volume 12, Issue 3 -2017 materials. Therefore, biaxial tensile testing to determine the mechanical properties of SF/PCL nanofiber mats is highly desirable. In this reported study, SF/PCL composite nanofiber mats were fabricated using electrostatic spinning technology. The FOD of the fiber networks prepared at various drum rotating speeds was measured by the fiber image fusion technology, and the tensile performance of nanofiber mats was characterized using uniaxial and biaxial tensile testing. Furthermore, the effects of FOD on the geometry structure and tensile performance of nanofiber mats were analyzed. This reported study is a very useful investigation which can help in the design and fabrication SF/PCL composite nanofiber mats with mechanical attributes that are sufficient for use in practical tissue engineering applications.
EXPERIMENTAL
SF is the main protein component of silk, which accounts for 70% of the total mass. The following methods were used in this study to extract the regenerated SF.
Mulberry silk was added to an aqueous solution of 0.5 wt% Na 2 CO 3 , the volume (ml) of degumming solution/mass (g) of mulberry silk was 50. The SF solution was boiled for 30 minutes and this step was conducted twice to remove silk glue. Zhang, et al. [31] reportedly used 0.5% Na 2 CO 3 solution (bath ratio 1:50) and boiled the mulberry silk solution for 30 min and then repeated the process 3 times to remove sericin. In this latter case the sericin was completely separated from its precursor and the high MW of the SF (～390 KD) was reduced to low MW oligomers of SF (～100 KD). The silk fibroin fiber was mixed with Ajisawa's agent [n(CaCl 2 ):n(C 2 H 5 OH):n(H 2 O)=1:2:8] at 75°C±1°C until all the silk fibers were completely dissolved. After filtration, this solution was placed into a dialysis bag MD 25 (8000-14000) (Union Carbide Corporation, America) and dialyzed in deionized water for three days with changes of water every 4 hours. Finally, the dialyzed fluid was freeze dried in a lyophilizer (Labconco Corporation, America) for five days which yielded a spongy, porous regenerated fibroin protein.
To produce the spinning solution for the process, a 6% mass concentration solution of SF and PCL was prepared with viscosity-averaged molecular weight of 80000 (Shenzhen Guanghua Weiye Co., Ltd. China) by dissolving the SF and PCL in hexafluoroisopropanol (99.5% purity, Yancheng Dongyang Biological Products Co., Ltd. China) in a mass ratio 60:40. This solution was magnetically stirred for 48 h (IKA®CM -MAG HS 7, Guangzhou Yike Laboratory Technology Co., Ltd. China) to produce the spinning solution. The electrostatic spinning equipment was comprised of a high-voltage power supply (FC60P2, Glassman Company, USA) and an injection pump (KDS220, KDS Scientific Co., Ltd., USA). During electrospinning, the diameter of nanofibers was controlled by adjusting spinning parameters, such as the concentration of the spinning solution, the flow rate of the spinning solution, the conductivity of the solvent and the environmental conditions, to obtain electrospun nanofiber mats that met the specified requirements [32] . Based on literature reports [33, 34] , the electrostatic spinning parameters were as follows: voltage 15 KV, spinning flow rate 1.2 ml/h, drum receiving distance 12 cm, environment temperature 25±2°C, and relative humidity 35±5%. The apparatus used for the electrostatic fiber spinning is shown in Figure 1 . The morphology of SF/PCL composite nanofiber mats was examined using a Vltra55 (Carl Zeiss SMT Pte Ltd., Germany) thermal field emission scanning electron microscope. Image-Pro Plus image analysis software was used to measure the diameter of the fibers, and the sampling number was 100. DHU-11 nanofiber orientation image analysis system (Shanghai Beiang Scientific instruments Co., Ltd., China, Donghua University, China) was adopted to analyze the orientation http://www.jeffjournal.org Volume 12, Issue 3 -2017 distribution of nanofibers. The pore size of nanofiber mats was analyzed by CFP-1200-AEX pore diameter analyzer (PMI Co., USA), the thickness of specimen was 0.10±0.02 mm.
Based on ISO 527-1-2012 and ISO 527-3-1995 standards, the uniaxial tensile tests on the fiber mats were performed using a KES-G1 multifunctional tensile test apparatus (Kato-Tech Company, Japan).
The sample size was 5.0 cm × 0.5 cm, the thickness was 0.10±0.02 mm, the clamping length was 4.0 cm, and the tension rate was 0.4 mm s −1 . The biaxial tensile test for the fiber mats was performed on a KSM-BX5450ST biaxial tensile test apparatus (Kato-Tech Company, Japan). The sample size was 6.0 cm × 6.0 cm, the thickness was 0.10±0.02 mm, the clamping length was 5.0 cm, and the ratio of tension rate in X and Y directions was 1:1. Figure 2 shows the morphology of the nanofibers that were prepared with different drum speeds. The distribution of the nanofiber orientation was analyzed using the nanofiber mat orientation image analysis system. Figure 3 shows that the fibers were mainly distributed at an angle of 90°, which was in line with the axis of the rotating drum, i.e., Y direction, and the rate of fiber distribution increased http://www.jeffjournal.org Volume 12, Issue 3 -2017 with the increase in the speed of the rotating drum. When the rotation speed was 11.88 m s −1 , the rate of distribution of the fibers was around 50%, which was the maximum value. As the rotation speed was increased, the angle of fiber orientation shifted to 105° and the rate of fiber distribution along the drum axis decreased. The reason for these effects was that the degree of fiber orientation (DFO) was affected by the combined effects of the electrostatic field and the airflow field produced by the rotating drum, as well as the polar repulsion forces of the nanofibers with the same charge that were pre-deposited on the drum. Moreover, it was found that the ideal uniaxial orientation of the fibers was obtained when the rotating speed was close to the fiber deposition rate. Mathew, et al. [14] investigated the influence of rotating speed on the fiber orientation of polybutylene terephthalate (PBT). These authors found that drum rotation speeds higher than a critical value produced curved fibers and PBT fibers with an optimum orientation were obtained only at an appropriate speed (surface velocity of 12.9 m s −1 ). Figure 3 demonstrates that when the drum rotation speed was 0 m s −1 , the rate of distribution of the nanofibers that were perpendicular to the direction of the drum rotation was 10% and at a drum speed of 2.38 m s −1 , the rate of fiber distribution exhibited a slight decrease. When the speed was increased to 7.13 m s −1 , the distribution rate became lower than 1%. The DFO curve also clearly shows that when the speed was below 2.38 m s −1 , the DFO curve was irregular; however, when the speed was greater than 2.38 m s −1 , the DFO curve exhibited good geometric symmetry. Figure 4 shows the variation in the diameter of the nanofibers with various drum rotation speeds. The diameter of the nanofibers decreased slightly with the increase in rotation speed, but this variation was not significant (the diameter was around 300 nm). Therefore, it can be concluded that an increase in drum rotation speed was insignificant in determining the diameter of the SF/PCL nanofibers. Yamashita, et al. [35] also found that in the preparation of PLA-oriented fibers, the decrease in the diameter of these fibers did not appear to be significantly affected by an increase in the speed of commonly used cylinders. After analysis the authors described two reasons for this phenomenon. In one case, the nanofibers may have been very thin when they entered the cylinder. In the second case, because the time period was very short from when the fibers contacted the cylinder to when they were twined and collected coupled with their thin diameter, the cylinder speed would have exerted very little effect on the final fiber diameter. http://www.jeffjournal.org Volume 12, Issue 3 -2017 FIGURE 5 . Pore size distribution of SF/PCL composite nanofibers mats. Figure 5 shows the pore size distribution of the SF/PCL composite nanofiber mats as a function of different drum rotation speeds. As these results indicate, an increase of drum rotation speed caused the pore size of fiber membrane to gradually decrease. For example, when the roller speed was stationary, the pore sizes of the membrane were in the range of 1.0-1.3 µm. When the roller speed was increased to 11.88 m s -1 , the pore size of nanofiber mats was 0.3-0.4 µm. However, when the roller speed was increased to 14.28 m s -1 , the diameter of the pores in the resulting nanofiber membrane increased 0.7-0.9 µm. Likewise; it was also evident that when the roller speed was less than 2.38 m s -1 , the pore size of membrane was more than 1.0 µm. Other results included a drum rotating speed of 4.75 m s -1 and 7.13 m s -1 , which produced a pore size in the mats of about 1.0 µm, but when the roller speed was 9.51 m s -1 and 14.28 m s -1 , the of pore size the two resulting membranes was similar, at 0.7-0.9 µm. Based on these results, the pore size distribution of SF/PCL composite nanofiber mats appeared to be related to the distribution of the orientation of the nanofibers that comprised the mats. If the degree of orientation of the fibrous layer is high, the arrangement of fibers will be closer and the pore diameter of fibrous membrane will be smaller with centralized distribution. This preference can be seen from the structural chart of fiber arrangement shown in Figure 2 .
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Mechanical Tensile Performance FIGURE 6 . Uniaxial tensile curves of SF/PCL composite nanofiber mats.
The uniaxial tension curve of the SF/PCL composite nanofiber mats prepared using fibers produced at various drum rotation speeds is shown in Figure 6 . Based on the DFO curve shown in Figure 4 and uniaxial tension curve of the fiber membrane shown in Figure 6 , the distribution of fiber orientation can be divided into three categories. 1) Irregular distribution of fibers produced at a rotation speed of 2.38 m s -1 . Under these conditions, the fiber mats exhibited good flexibility and the tensile curve developed a long plateau region. 2) Incomplete uniaxial orientation symmetric distribution of fibers produced at a rotation speed of 7.13 m s -1 . At this rotation speed, the tensile curve of the resulting fiber membrane exhibited an increasingly plastic property. 3) Complete uniaxial orientation, symmetric distribution at the rotation speed of 11.88 m s -1 . Under these conditions, the yield point of the tensile curve of the fiber mats was obscure with no flat region, a declining tensile fracture strain and increasing breaking stress, which demonstrated brittle behavior. The changes in the uniaxial tensile curve of the SF/PCL composite nanofiber membranes showed that the distribution of fiber orientation in the nanofiber membrane was the main factor that led to the changes of tensile properties of the mats. http://www.jeffjournal.org Volume 12, Issue 3 -2017 FIGURE 7 . Uniaxial tensile properties of SF/PCL composite nanofiber mats. Figure 7 shows that when the drum was stationary, the longitudinal initial modulus of the nanofiber mats was close to that of transverse fibers. As the rate of distribution of the longitudinal fibers in the mats increased, the longitudinal initial modulus increased; however, the transverse initial modulus decreased, resulting in a differential increase between the moduli in longitudinal and transverse directions of the nanofiber mats. At the same time, the transverse yield stress of the nanofiber mats was less than the longitudinal yield stress, and the transverse yield strain was close to the longitudinal yield strain. As the degree of uniaxial fiber orientation improved, both the longitudinal yield stress and yield strain of the nanofiber mats increased. By contrast, the transverse yield stress decreased, whereas the yield strain experienced little change. This phenomenon can be explained by the DFO curves, where the rate of fiber distribution near 0° of orientation (vertical to the drum rotating direction, i.e., X direction) was low, so that there were few fibers available to resist tensile loading even when that loading was low. Consequently, these fibers contributed little to the mechanical performance of the membranes, which produced a low initial modulus and low yield stress when the fiber mats were subjected to transverse tension. With the increase in drum rotation speed, the number of fibers distributed along the longitudinal direction of the fiber mats increased and these fibers made a significant contribution to the mechanical performance of the membranes, which resulted in an increase in both the initial modulus and yield stress of the fiber mats. At a low drum rotating speed of 2.38 m s −1 , the number of fibers distributed in the transverse direction of the fiber mats was very small (the percentage is less than 1.5%), thus the yield strain of the fiber mats was not greatly affected by the rotation speed. Figure 7 also shows that the transverse tensile fracture stress of the nanofiber mats was lower than the longitudinal fracture stress when the receiving drum was not http://www.jeffjournal.org Volume 12, Issue 3 -2017 rotating. Moreover, the transverse tensile fracture stress further decreased with the increase in drum rotation speed; however, the longitudinal fracture stress exhibited a reverse trend. This change in the trend of the fracture stress was consistent with the trend of the initial modulus and yield stress. Interestingly, the transverse fracture strain was lower than the longitudinal strain when the drum rotation speed was less than 2.38 m s −1 ; however, it was higher than the longitudinal strain when the rotation speed increased to 7.13 m s −1 . This circumstance was evidently related to the increase in drum rotation speed. The previous analysis showed that this consequence resulted from the change in the distribution of the orientation of fibers in the two directions. As the drum rotation speed increased, the number of transverse oriented fibers in the nanofiber mats gradually decreased so that the number of fibers that could bear parallel forces became smaller, which produced fiber fracturing at low tensions leading to a low fracture stress in the fiber mats. On the other hand, the low number of transverse oriented fibers resulted in more curled fibers that could gradually be straightened out by tensile forces, which increased the fracture strain of the fiber mats. Furthermore, the maximum transverse fracture strain resulted from the nanofiber mats produced from fibers made at the maximum drum rotation speed of 7.13 m s −1 , and then began to decrease. This was attributed to the increase in drum speed where at 11.88 m s −1 , there were few fibers oriented 0° and more than 90% of the fibers oriented at angles of 75° to 105°. Therefore, few of the curled fibers were straightened by the transverse tensile process, which would reduce the fracture strain. The effects of drum rotating speed on the mechanical tensile performance of SF/PCL composite nanofiber mats are shown in Figure 8 . Figure 9 shows the biaxial tensile curves produced with a tensile speed ratio of 1:1 in the X and Y directions for SF/PCL composite nanofiber mats under different drum rotating speeds. When the rotating speed was below 2.38 m s −1 , the anisotropy of mechanical tensile performance of the nanofiber mats was not apparent, the curves had a long plateau region and the yield stress and fracture stress of fiber mats in the Y direction were slightly greater than those in the X direction. However, the yield strain and fracture strain in the X and Y directions were nearly similar. With the increase in drum rotating speed, the differences of mechanical tensile performance in X and Y directions were evident, and the mechanical anisotropy was notable. At the same time, the plateau region of curves shortened and the curves became cliffy, where the fracture strain of SF/PCL nanofiber mats decreased significantly. This value decreased to about 7.8% when the rotation speed was 11.88 m s −1 . The damage to the fiber mats under planar tension was determined by the fracture strain in the direction with minimum strain; however, the tensile performance in a certain direction depended on the performance and amount of fibers with stretched orientation rather than the performance and amount of curled fibers or surrounding fibers in this direction. This fracture strain mechanism was different from that of uniaxial tension. When the rotation speed was lower than 2.38 m s -1 , the fiber in nanofiber membrane were distributed randomly. The frequency of fiber orientation distribution along the X direction and Y direction were close to each other. Therefore, the tensile curve had a longer, flat region when the fiber mat was stretched through an even plane. As the drum rotation speed increased, the difference in the fiber distribution frequency along the two directions increased, while the flat region in the biaxial tensile curve declined and the curve became steep. Moreover, an increase in the drum rotation speed resulted in a smooth tensile curve for the fiber mats in the X direction. Furthermore, the initial modulus, yield stress, and fracture stress of the fiber mats decreased. By contrast, the variation of initial modulus, yield stress, and fracture stress in the Y direction exhibited a reverse trend. This variation under biaxial tension was consistent with that under uniaxial tension.
CONCLUSION
During the electrostatic fiber spinning process an increase in drum rotation speed did not appear to significantly influence the diameter of SF/PCL composite nanofibers spun using a SF solute concentration of 6% and a solute ratio of 3:2. However, it appeared that drum rotation speed did affect the distribution of the orientation of the nanofibers of the resulting composite mats. When the drum rotation speed was less than 2.38 m s −1 , the fibers in the nanofiber mats exhibited a random distribution and the fiber mats exhibited mechanical anisotropy. As the drum rotation speed increased, the uniaxial orientation of the SF/PCL composite nanofibers along the axis of the drum reached a maximum at 11.88 m s −1 and the resulting fibers exhibited a geometrically symmetrical distribution of complete uniaxial orientation, producing fiber mats with outstanding mechanical anisotropy. The distribution in the aperture size of the nanofiber mats was related to the distribution of the fiber orientation. If the degree of orientation of the fibrous layer was high, the permutation of the fibers was minor and the pore diameter of fibrous mats was small with centralized distribution. In the case of the SF/PCL composite nanofiber mats fabricated at various drum rotation speeds, the trend in the mechanical performance of the mats under biaxial tension was consistent with their performance under uniaxial tension. However, the fracture mechanism of fiber mats under biaxial tension and uniaxial tension was different. The distribution of nanofiber orientation was the main factor influencing the mechanical performance index of fiber mats, indicating that it is feasible to design SF/PCL composite nanofiber mats that meet the requirements of tissue engineering by reasonably regulating the distribution of the nanofiber orientation in the spinning process.
